A fiber optical inclinometer based on modal interferometer is demonstrated for bend angle sensing. The device consists of a piece of simplified hollow core photonic crystal fiber sandwiched between single mode fibers with lateral offset. The measurement of bend angles up to 45°is demonstrated, and the spectrum exhibits a blueshift of over 50 nm. The sensitivity is found to increase with the applied bend angles and reaches 2.4 nm∕deg at 45°, and the response is independent of the direction of bending. A low temperature sensitivity of 0.5 pm∕°C is observed between room temperature and 1000°C. Due to its capacity for withstanding high temperature, the device can work as a direction-independent inclinometer in high-temperature environments.
Bend is an important physical parameter due to its multiarea applications. Fiber bend sensors have been developed in various schemes [1] [2] [3] to measure curvature or bend angles in the areas of mechanical engineering, robotic arms, and structural monitoring. Fiber interferometers with separate interference arms have usually been utilized to make a bend sensor, such as a two-core fiber based Mach-Zehnder (M-Z) interferometer [4] or Michelson interferometer [5] . Since bending the fiber affects the two arms differently, the optical path difference will be effectively altered. What's more, a lateral offset was induced into a single-mode, fiber-based M-Z interferometer to make the distribution of the cladding modes asymmetric; thereby the core mode and cladding mode were seperated from each other [6] . However, these devices mentioned above generally have responses which depend strongly on the directions of applied bending, thus requiring the separate knowledge of the bend direction when being used, which in turn degrades the practicality of their applications. Fiber inclinometers have been developed by integrating a fiber taper with a long period fiber grating (LPFG) [7] . However, the device involves a complicated fabricating process of writing an LPFG, and the work only reported a small measurement range of 10°. A structure consisting of a fiber taper followed by a tilted fiber Bragg grating was made to measure the magnitude of the fiber bend angles with sensitivity of 2.3 dB∕deg and measurement accuracy of 0.15° [8] . However, the light intensity modulation of the sensor is easily disturbed by the light source. Besides, the output of most of the above-mentioned fiber bend sensors are temperature dependent, and no devices operating in high temperature have been reported so far.
Hollow core photonic crystal fibers (HC-PCFs) have been exploited to build sensor devices for applications like particle detecting [9] , gas refractive index sensing [10] , and strain sensing [11] . In this Letter, we report on an optical fiber inclinometer based on a fiber modal interferometer using simplified HC-PCF. The interferometer was fabricated by splicing the simplified HC-PCF to single-mode fibers with lateral offset. The interference pattern was found to shift to short wavelength when the simplified HC-PCF was applied with a bend angle. It was also found that the shift of the spectrum was independent of the bend direction, unlike that reported in [6] . The thermal response of the device was investigated by heating the fiber from room temperature to 1000°C, and the spectrum exhibited low temperature sensitivity. The device can find wide applications in hightemperature environments for bend angle measurement with no restriction on the bend direction.
The structure of the modal interferometer is shown in Fig. 1(a) . The simplified HC-PCF we used is produced by Yangtze Optical Fiber and Cable Corporation Ltd., and the cross-sectional view of the fiber is given in Fig. 1(b) , which is composed of a hollow hexagonal core surrounded by six crown-like air holes, like the fiber used in [12] . The diameter of the outer cladding, the air hole cladding, the air core, and thickness of the struts is 170 μm, 90 μm, 36 μm, and 560 nm, respectively. The splicing process was carried out manually with a Fujikura FSM-30S fusion splicer. The lateral offset between the fiber cores of the simplified HC-PCF and the single-mode fiber (SMF) was optimized to be 12 μm to obtain the largest spectra fringe visibility. Arc parameters were set to be 23 units and 700 ms to avoid air holes collapsing in the HC fiber. Figure 1(c) shows the interference pattern of an interferometer with a 5.5 cm long simplified HC-PCF, which exhibits fringe spacing of 55 nm and fringe visibility of 17 dB. The spectrum was collected with an ASE light source (ALS-1550-20) and an optical spectrum analyzer (Yokogawa AQ6370B).
The mode of the input light spread out at the first splicing joint due to the lateral offset, where a portion of the energy was coupled to higher-order modes in the simplified HC-PCF, which was verified to be a multimode fiber [12] . The interference happened due to the phase difference between different orders of modes, which can be approximated as ψ 2πΔnL∕λ, where Δn is the effective index difference between the involved modes. Since the core-to-core offset is slight and the core of the SMF does not surpass the air core of the simplified HC-PCF, the energy is more likely to transferred mainly to core modes of the HC fiber. The modes guided in the simplified HC-PCF were investigated with the finite element method (COMSOL software), and the mode profiles of the LP 01 mode and LP 11 mode were given in Fig. 1(d) , which were suspected to be the modes involved in the interference. To confirm this, we calculated the Δn of the 5.5 cm long device by taking the experimental data into the fringe spacing formula Λ λ 2 ∕ΔnL. Δn was calculated to be 7.5 × 10 −4 , and it was really close to the index difference of the LP 01 mode and LP 11 mode, which was estimated to be 9 × 10 −4 by simulation. Bending the fiber to a certain direction would compress the fiber material at the inner side of the bending axis and stretch that at the outer side. In this way, the refractive index of the fiber material at one side will decrease, while that of the region at the opposite side will increase. This changes the mode properties of the two propagating modes, which causes the change of optical path difference between the LP 01 mode and LP 11 mode, and further leads to the shift of the interference spectrum. Since both the involved modes have a cylindrically symmetric field pattern [ Fig. 1(d) ], bending the fiber to different directions would have the same effect on the mode properties. For this reason, the interferometer was suppose to respond similarly for all bending directions. We used this modal interferometer to develop an inclinometer sensing head. A sample with a 12.9 cm long simplified HC-PCF was made to investigate the device's bend angle response. The experiment was carried out within two orthogonal planes, the horizontal plane and the vertical plane [ Fig. 2(a) ]. Two capillary tubes were used to protect the fiber on both sides of the rotating axis, as well as to keep it straight. Figure 2(b) shows the spectrum shifting toward shorter wavelength with applied bend angles. The fiber was bent from 0°to both −45°and 45°at each plane, considering that this measurement range is sufficient for a majority of application cases. For each bending plane, the bend angle response exhibited analogous features when the HC fiber was bent to two opposite directions of −45°and 45°. What's more, the responses at the two orthogonal planes were quite similar to each other, as can be seen from Fig. 3(a) , which confirmed that the bend angle response of the device was independent of the direction of bending. We adopted quadratic fitting to the experimental data of the 45°measurements, which exhibited a quite nonlinear response. A blueshift of 53 nm was induced by the bend angle of 45°. At small bend angles, the wavelength dips changed slowly, and the sensitivity was approximately 0.28 nm∕deg for bend angles around 10°. When the fiber was bent to a larger angle, the dips shifted very quickly, and the sensitivity reached as high as 2.4 nm∕deg around 45°. The detection limit (DL) is given by DL R∕S [13] , where R is sensor resolution and S is sensitivity. In our device, R is dominated by the full width at half maximum value, which is measured to be 5 nm. Assuming a signalto-noise ratio of 50 dB, DL is calculated to be 0.078°. Bend angle response for different wavelength dips were investigated with a 8.4 cm long sample, and the experimental results are given in Fig. 3(b) . Sensitivities were estimated to be 1.85 nm∕deg and 1.8 nm∕deg for the dips at 1528 and 1567 nm around the bend angle of 35°, respectively. It indicates that tracing the dips at shorter wavelength might have a slight improvement on the bend angle sensitivity.
The temperature cross-sensitivity of a fiber sensor was an important issue, which will affect the measurement accuracy of the sensor. We investigated the device's thermal response by heating the 8.4 cm long sample with a Lindberg/Blue M Tube furnace room temperature to 1000°C. The wavelength dips were found to shift slightly toward longer wavelength with little degeneration of the device spectra. Two wavelength dips were traced as well, and the temperature response is given in Fig. 4 . The temperature sensitivity was estimated to be 0.5 pm∕°C, which was really low. This was easy to understand, since the fiber material is fused silica, and the guide modes are confined to the air core of the fiber, of which the material refractive index is not much affected by the temperature variation, even to very high temperatures. Temperature cross-sensitivity is estimated to be 0.0002 deg ∕°C, which means that measurement error caused by temperature variation is negligible. Moreover, since its spectra remains well at high temperature, the device can be a good candidate for high temperature operation.
In conclusion, we demonstrated a fiber inclinometer by splicing a piece of simplified HC-PCF between single mode fibers. The device is compact and easy to fabricate, which requires fiber splicing process only. The bend angle response was independent with the direction of rotation, and a sensitivity of 2.4 nm∕deg was obtained at the bend angle of 45°. The inclinometer exhibited low temperature sensitivity when it was heated from room temperature to 1000°C. With ignorable thermal-induced wavelength shift and spectra degeneration, the device has potential application in high-temperature operations.
